Germanium avalanche photodiodes (APD's) working biased above the breakdown voltage detect single optical photons in the near-infrared wavelength range. We give guidelines for the selection of devices suitable for photon-counting applications among the commercial samples, and we discuss in detail how the devices should be operated to achieve the best performance, both in terms of noise-equivalent power (NEP) and the timing-equivalent bandwidth. We introduce the driving electronics and we show that, in the measurements of fast optical signals, the adoption of single-photon techniques is very favorable, notwithstanding that presently available photodiodes are not designed for this purpose. On the contrary, in the detection of cw signals, the lower NEP values achieved in photon counting may not be sufficient to justify the replacement of conventional analog p-i-n germanium detectors, which offer comparable performance with a definitely larger sensitive area. Finally, we show that, by properly choosing the operating conditions, some selected APD's achieve an 85-ps time resolution in the detection of optical photons at a 1.3-plm wavelength, which corresponds to a timing-equivalent bandwidth of 1.8
Introduction
Germanium photodiodes cooled at 77 K are usually employed in the detection of weak quasi-continuous optical signals in the wavelength range between 1 and 1.6 pLm. A low-frequency noise equivalent power (NEP) of a few femtowatts per squared-root of herz at a wavelength of 1.55 [Lm is quoted for commercially available units,' while a value of 3.7 fW/Hz1/ 2 at 1.625 Elm was reported for a germanium detector that was 2 cm long with a sensitive area 7 mm x 7 mm, which is very similar to nuclear-radiation detectors. 2 In these applications the photodetector is followed by a low-noise preamplifier, and the ultimate sensitivity is determined essentially by the electronic noise of the amplifier input stage. Nowadays fast and sensitive photodetectors working beyond 1 im are required in the research of new laser sources, in studies on semiconductor materials, and for work on pharmaceutical and photochemical products, not to mention for all the applications related to optical communications.
It is well known that photon counting is the technique of choice when weak and fast optical signals must be detected. 3 However, among the commercially available devices, only photomultiplier tubes with a cooled SI photocathode feature singlephoton sensitivity up to 1.3 tI.m, but these have a residual quantum efficiency of 10-6. In the early 1960;s, extensive work on the physics of the avalanche breakdown demonstrated that avalanche photodiodes (APD's) can detect single optical photons when working biased above the breakdown voltage Vb in the so-called Geiger-mode operation. Nowadays APD's operated in Geiger mode are usually referred to as single-photon avalanche diodes (SPAD's), and therefore, hereafter in this paper, we adopt the same nomenclature. Silicon SPAD's have found applications in photon-correlation spectroscopy, 4 velocimetry, optical time-domain reflectometry,5 laser ranging and astronomy, 6 as well as soft x-ray detection' and investigations on novel quantum mechanicalinterference phenomena at the single-photon level. 8 To extend the operating range of solid-state devices beyond the silicon-absorption edge (1.1 Am), researchers have investigated Geiger-mode operation of III-V and germanium APD's. 9 -11 Very recently we have demonstrated that germanium devices can detect the arrival time of single photons with a precision of 230 ps.1 2 However, because avalanche physics is quite similar in all these semiconductors, there is no evident reason for APD's in germanium or III-V compounds not to yield results comparable to the 20-ps time resolution of silicon SPAD's.1 3 Although the first results obtained with SPAD's in narrow-gap semiconductors were very promising, all the currently available germanium and III-V photodiodes are still designed only for applications in analog receivers. Therefore the structures and fabrication processes of these devices are not optimized for photon-counting operations. In this paper we give some guidelines for the selection of germanium APD's among the commercial samples that are suitable for photon counting. In Section 2 we briefly survey the basic advantages that photon-counting techniques have when compared with analog detection. The operation of SPAD's is briefly reviewed in Section 3, and a simple procedure for the device selection and characterization is described. The figures we report give a quantitative idea of the present status of the germanium technology, and it is very similar to that of silicon in the late 1950's. We believe that future efforts might succeed in providing germanium of better grade. In Section 4 we discuss how carrier thermal generation, carrier trapping phenomena, and band-to-band tunneling affect the dark-counting rate of the detector. To yield the best performance in terms of both NEP and timing-equivalent bandwidth, the detector must be properly operated. In Section 5 we introduce the driving electronics: We briefly discuss the limit of the popular passive-quenching circuit and the operation of the active-quenching circuit that we adopted for use in the counting measurements. On the basis of the experimental results, we show that the achievable NEP values, although somewhat better than those obtained in analog detection of cw signals, are severely limited by the high dark-counting rate because of carriers captured and released from trapping levels. 1 4 1 5 On the other hand, in the measurements of fast optical signals, the adoption of single-photon techniques is very favorable, even with presently available devices. In Section 6 we show that, by properly choosing the operating conditions, the selected APD's achieve the unprecedented time resolution of 85 ps in the detection of optical photons at 1.3-tim wavelength, which corresponds to a timing-equivalent bandwidth of 1.8 GHz. Moreover, because the digital-counting techniques are insensitive to all the noise of the electronics following the detector, we found that working with even very large bandwidths the achievable NEP values are still below [10] [11] [12] [13] [14] [15] W/Hz1/ 2 , which is several orders of magnitude lower than the sensitivity attainable with conventional analog receivers. Figure 1 shows the classic transimpedance amplifier adopted in the analog measurement of weak signals with a p-i-n photodiode. The figure also shows its equivalent circuit with the corresponding noise sources.
Analog Detection and Photon Counting
If 1/f components are neglected, the input current noise is given by 4kT in 2 = + 2qID + 2qIG, RL (1) where q is the electron charge, k is the Boltzmann constant, T is the absolute temperature, ID is the detector current (i.e., the sum of leakage current, current caused by background photons, and signal photocurrent), and IG is the gate-reverse current of the input junction field effect transistor (JFET) of the amplifier. The last term in Eq. (1) is usually negligible, because the first stage of the preamplifier is also cooled with the detector at 77 K, thus the gate current of the first JFET is lowered below 10 fA. For the other two terms on the right side of Eq. (1), the thermal noise of a 1-Gfl feedback resistor is equal to the shot noise of a 13-pA detector current. Hence, in the detection of very weak signals, when the current attributable to leakage and to background photons (usually the 300-K blackbody radiation) is below 10 pA, the feedback resistor RL dominates the inputcurrent noise. This happens for p-i-n germanium photodiodes with a sensitive area smaller than 25 mm 2 cooled at 77 K.' Therefore, in analog detection we find there is no advantage to shrinking the detector-area diameter below 4.5 mm.
The feedback resistor and the input capacitance C (attributable to the detector capacitance and the stray capacitances of the feedback resistor and the input JFET) define the preamplifier bandwidth. Moreover, as the signal frequency increases, the capacitive input impedance impairs the detection sensitivity because the input-voltage noise becomes dominant over the current noise. The voltage noise is due essentially to the channel resistance of the first JFET and is determined by 2 4kT 3 g3 (2) where g,, is the JFET transconductance. Selected JFET's featuregm values larger than 5 mA/V at 77 K and negligible 1/f noise. The overall input noise, written in terms of current noise at the amplifier input, is therefore given approximately by
where the last term is due to the voltage noise source. Figure 2 shows the frequency dependence of the minimum NEP estimated for a germanium p-i-n receiver, when a value of 5 pF is taken for C. In summary, at low frequency, p-i-n photodiodes with leakage and blackbody-induced currents lower than 10 pA attain a NEP that is limited by the thermal noise of the feedback resistor. As the signal frequency exceeds 50 kHz, the sensitivity is instead strongly limited by the voltage noise of the input JFET. In both cases, the electronics, and not the detector, set the ultimate attainable sensitivity.
If the detector response to a single photon is a current pulse with an amplitude high enough to be identified among the noise spikes, the limitation attributable to the electronic noise may be overcome by adoption of a photon-counting technique. In fact, the optical signal does not have to be measured as a photocurrent; it can be measured if one counts the photon rate using simple electronic circuitry, e.g., circuitry that consists of a pulse-height discriminator coupled to a fast pulse counter. This digital detection is intrinsically able to attain a better sensitivity, because when the discriminator threshold is set properly, the current spikes from electronic noise that have amplitudes lower than the typical amplitude of the single-photon response are rejected. In this way, the achievable NEP depends only on the detector noise: the so-called dark-counting rate. The dark-counting rate nD arises from carriers generated within the detector volume by causes other than the absorption of signal photons. These spurious carriers produce current pulses equal to the singlephoton response and are, therefore, counted. It follows that, to be detectable, an optical signal must correspond to a photon-counting rate at least comparable to the statistical fluctuations of the darkcounting rate. Let us now compare the noise in the digital detection more quantitatively with the noise given by Eq.
(1). Let us denote by nDT the counts that are measured in the time interval T with the detector in the dark; the corresponding Poissonian fluctuation has a variance given again by nDT. Therefore, the variance of the pulse rate is nD/T, or in terms of detector current the variance can be written as q 2 nD/T = qID/T, where ID' is not the total detector current ID but is only the fraction that is due to carriers generated within the sensitive region of the photodetector (surface currents and other leakage currents are not included). Because counting the detector pulses for a time T corresponds to a gated integration with a noise-equivalent bandwidth of Af = 1/2T, the variance of the signal can be also written as 2qlD'Af. Thus we obtain a term that can be directly compared with the second term on the right side of Eq. (1). This comparison highlights that photon-counting techniques are insensitive to the circuit noise and bring further improvements to the signal-to-noise ratio, because only a fraction of the detector's leakage current contributes to the noise.
Photon-counting techniques can be also adopted to the measurement of fast waveforms of repetitive optical pulses, with a sensitivity limited only by the detector dark-counting rate and not by the inputvoltage noise of the analog amplifier. In these measurements the intensity of the optical signal is attenuated, so that no more than 1 photon/pulse reaches the detector. The time delay between the emission of the optical pulse and the detection of the residual photon is measured with a time-to-pulse-height converter. This module produces a voltage signal with an amplitude proportional to the time interval between the electrical trigger and synchronous with the optical pulse emission and the leading edge of the detector pulse. The histogram of repetitive measurements, usually collected with a multichannel analyzer, gives the shape of the optical waveform. 3 The histogram measured with ultrashort laser pulses represents the response of the experimental setup to a -like stimulus. Its FWHM is usually referred to as the time resolution of the experimental setup. By taking the ratio 1/2rFWHM we may define a timing-equivalent bandwidth of the apparatus. For example, the 85-ps FWHM time resolution achieved with germanium APD's (see Section 5) corresponds to a 1.8-GHz timing-equivalent bandwidth.
Selection of Germanium APD's
A SPAD does not provide a linear amplification to the photocurrent signal. The device works instead like a trigger circuit or, better, like a Geiger counter triggered by the first carrier generated in the sensitive volume. No one would define a gain for a trigger circuit, and neither does the definition of an avalanche gain for a SPAD make sense, although sometimes it is put forth in literature. During device operation, a suitable external circuit biases the device above Vb, and as soon as a carrier is generated in the APD volume a divergent avalanche process is triggered. The diode current swiftly rises to a macroscopic value, in the milliampere range. This signal is sensed by the external circuit, which counts the event and quenches the avalanche by lowering the bias voltage below Vb. If the first carrier is photogenerated, the current leading edge marks the photonabsorption time. After a hold-off time, the bias is restored to an operating level above Vb to enable the detection of another photon.
We have studied the performance of several germanium APD's from different suppliers. These APD's include the Fujitsu FPD13R31 with a 30-tim diameter (indicated as F-APD in the following), 16 the Judson J16A with a 100-tm diameter (indicated as J-APD), and a few developmental devices from Siemens with 50-tim diameters. The latter devices showed performance similar to the Fujitsu samples; therefore we shall not mention them further. All devices were planar photodiodes with a Vb value between 33.5 and 31.5 V at room temperature.
The first step in the selection of an APD for Geiger-mode operation is to measure the reverse current-voltage (I-V) characteristic with a curve tracer. We mounted the samples in a cryostat and measured the change of the I-V curve with temperature. The typical Vb decreases from 33.5-31.5 V to 23.5-22.3 V as the temperature decreases from 300 to 77 K. If the breakdown is not uniform over the entire junction area, the I-V characteristic above the breakdown is not straight, but is broken in segments of increasing slope. These devices must be discarded because they perform definitely. It is worth stressing that, as we show in the following, because of thermal effects and carrier trapping, the Vb value measured with a curve tracer is slightly higher than the true value. For the same reason, the measurement of the diode-series resistance from the slope of the avalanche-on branch is not strictly correct.
If the dark current is quite low, the reverse I-V characteristic may show the presence of a bifurcation above Vb: One of the branches corresponds to the avalanche breakdown of the detector area; the other corresponds to a zero current flowing through the device, even if the reverse bias exceeds Vb. Devices with a zero-current branch that extends well above Vb are the best suited for Geiger-mode operation. In fact, the presence of the zero-current characteristic means that sometimes the diode also remains quiescent when the bias sweep of the curve tracer exceeds Vb, in which case not even a single generated carrier triggers the avalanche. Therefore, these devices have a low carrier-generation rate and can wait, biased above Vb, for the photon to arrive. Unfortunately, today's germanium APD's have a dark current too high to permit observation of this effect unless their temperature is lowered below 50 K.
The second step in the selection procedure is to inspect the shape of the detector current pulses when the APD is operated above Vb. Figure 3 shows the simple setup that we adopted. The detector is connected to a pulse generator and reverse biased below Vb through a ballast resistor RB of a few kQ. The waveform generator provided gating pulses at 100 Hz, raising the reverse bias at V > V for a few hundreds of nanoseconds. A laser diode triggered by the pulse generator synchronously emitted an optical pulse and thus triggered the avalanche. The current pulse of the detector was fed through a coupling capacitor to the 50 fi termination of a 2 Gbit/s digitizing oscilloscope (scope) (Tektronix TDS-620).
All the measurements reported in the following were performed at 77 K. Figure 4 shows the current pulse of a F-APD measured on a fast time scale. The two spikes before and after the rectangular current pulse are due to the leading and trailing edges of the gating pulse from the external generator, which injects current pulses in the 50-4 oscilloscope termination through the detector and the coupling capacitances. As the avalanche is triggered, the current rises in a few nanoseconds to a steady-state value given by the ratio between the excess bias (V 0 -Vb) and the resistance R, in series to the APD given by
where Rs is the sum of the diode series resistance and 100 Ql, attributable to the 50 fl terminations of both the oscilloscope and pulse generator. For the F-APD's we measured Rs = 370 Ql, which corresponds to an internal series resistance of 270 Q. Figure 5 shows the different behavior of the avalanche pulses from the J-APD's. Note that the avalanche current first reaches a peak value of 1.25 mA and then decays to a steady-state value of 0.2 mA.
The dashed curve show the ideal rectangular shape expected for the avalanche pulse. This behavior can be explained on the basis of Eq. (4). In fact, the avalanche current flowing through the junction depends on the Vb value. If Vb changes while the carriers are flowing through the junction, the avalanche current also changes. More precisely, if the Vb value increases, the avalanche current decreases.
Basically two effects can lead to an increase of the Vb value as the current flows through the junction: (1) free carriers may be captured by trapping centers located in the junction-depletion layer, and (2) the junction temperature can rise because of power dissipation. Let us discuss the two effects separately.
A. Breakdown Shift Induced by Traps
The breakdown voltage is essentially dependent on the breakdown electric field Eb and the dopant density. The tested APD's are basically planar-abrupt onesided p+n junctions; therefore the corresponding breakdown voltage is given by V =Eb2 qND (5) where ND is the n-side dopant density and E is the semiconductor dielectric constant. When the avalanche is triggered, electrons move to the n side and holes move to the p+ side of the junction. If some electrons get trapped, their space charge lowers the net dopant space charge in the n side and the breakdown voltage increases according to Eq. (5). This effect was observed in silicon junctions in the early 1960's17 and more recently also in germanium APD's.' 0 If NfT is the average density of traps filled with electrons at the steady state in the n side of the junction-depletion layer, the percentage shift of the Vb value is given by
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NfT Vb ND (6) and the corresponding decrease of the avalanche current is given by 
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Rs ND (7) The carriers trapped during the avalanche pulse are then released after the avalanche is terminated. Therefore the breakdown voltage recovers its original value with a time constant, which depends on the carrier emission lifetime of the trapping centers. Figure 6 shows the current pulses of a J-APD that we measured by again biasing the detector above Vb only 200 ns after the first avalanche pulse. The peak current of the second pulse is lower than the first one because the carriers trapped during the first pulse have not yet been completely released and the Vb value has not recovered its steady-state value. Approximately 5 s are required for a complete release of the trapped carriers. By increasing the avalanche current, the population of filled traps should approach the total density NT. Therefore, the difference between the peak value of the current and its steady-state value should become constant at higher excess-bias voltages. This behavior has been experimentally verified (Fig. 7) . The asymptotic slope of both curves is inversely proportional to the series resistance R,. For the J-APD we found R, = 225 fQ, which corresponds to a diode series resistance of 125 Ql. The asymptotic difference between the two current values approaches 1.3 mA. Because Vb = 22.35 V and ND = 6 x 1015 cm-3 , from Eq. (7) we estimated a density of majority carrier traps of 8.4 x 1013 cm-3 . The F-APD's did not show any trappinginduced shift of the breakdown. (In this and subsequent figures, symbols, e.g., filled diamonds, represent measured data points.)
B. Breakdown Shift Induced by Power Dissipation
The performance of a SPAD improves as the excess bias is increased. However, the avalanche current also increases, which leads to a rise in the junction temperature and to an increase of the Vb value. Thermal effects usually have time constants in the microsecond range. Figure 8 shows the current pulse of a F-APD on a time scale longer than that of Fig. 4 . The avalanche current first reaches 0.9 mA, then decays to 0.6 mA in approximately 7 tis. If the power dissipation is denoted by Pd, the difference between the current peak value and the steady-state value is given by
where Rth is the junction thermal resistance. In our samples we measured a value y = dVb/dT of approximately 0.04 V/K at 77 K. Therefore the change of the avalanche current in Fig. 8 corresponds to an increase of the junction temperature of nearly 2.6 K. Note that as the power dissipation increases, the difference Al also increases. This behavior is definitely different from that related to the trapping centers, which shows a saturation. Figure 9 shows the dependence of both the peak avalanche current and the steady-state current on the bias voltage. According to Eq. (8), the thermal resistance can be experimentally obtained from the dependence of AI on the power dissipation. For the F-APD's and the J-APD's we obtained a value of 95 K/W and 55 K/W, respectively. These values are in agreement with the estimates of the thermal impedance between the junction and the back contact of each device. This confirms that the APD's holders are good heat sinks. In summary, the first steps in device selection can be done simply through inspection of the reverse I-V characteristics. The devices with the best chances to work in photon counting are those that feature a straight I-V characteristic just above the breakdown voltage and that possess the lowest dark current, which is possibly a well-defined zero-current branch for bias that exceeds Vb, at least at cryogenic temperatures. The analysis of the current pulses is experimentally simple and makes possible a detailed characterization of the semiconductor quality. In this section we have described a simple experimental procedure for identifying the current transients caused by traps and those caused by thermal effects.
Dark-Counting Rate and Sensitivity
In photon-counting measurements the signal is produced by the signal photons counted by the detector, while the noise is produced by the statistical fluctuation of the total counts, which is attributable to both the signal photons and the carriers generated by other causes in the detector volume (dark counts). If the latter contribution dominates, the minimum detectable optical power Pm can be estimated from 18 (9) where nD is the dark-counting rate, NEP is the detector noise-equivalent power, T is the measurement time, -q is the photon-detection efficiency of the detector, and hv is the photon energy. The dark counts essentially result from three contributions: (1) carriers emitted from trapping levels that were populated in previous avalanche pulses, (2) carriers thermally generated in the active volume of the device, and (3) carriers generated by band-to-band tunneling processes.' 9 The contribution arising from trapping centers is due to the peculiar single-carrier sensitivity of the Geiger-mode operation. In fact, if one of the carriers trapped in a previous avalanche pulse is released when the bias is again above Vb, that carrier may succeed in triggering the avalanche again. This avalanche pulse, usually called the afterpulse, contributes to the dark-counting rate of' the detector. Let us now define better where the trapping levels involved in the afterpulse effect are located in the detector volume. Note that when the avalanche current flows through the junction both holes and electrons are present in the high-field region where impact multiplication occurs. The electrons then move to the n side of the junction and holes to the p side. It follows that when electrons that are trapped in the n side of the depletion layer, outside the high-field region, are released, they cannot undergo impact ionization on their way to the n contact and, therefore they do not trigger an avalanche. The same considerations apply to holes moving to the p contact. Only carriers captured in the high-field region have a chance to undergo impact ionization when released. It follows that afterpulses arise from trapping centers located in the high-field region of the junction where impact ionization occurs.
The presence of trapping centers depends on the quality of the materials used in the APD, and suitable fabrication steps are required to minimize center densities. Strong efforts have been devoted thus far to silicon devices. Nowadays, commercially available silicon SPAD's work at room temperature with negligible trapping effects and a generation rate of less than 106 carriers/s/tm 3 . 2 0 On the other hand, in germanium devices operated at 77 K the thermal generation is negligible, and the sensitivity is impaired by trapping centers and tunneling. Tunneling processes are negligible in silicon SPAD's with Vb values higher than 10 V because of the large silicon band gap, and they set the ultimate dark-counting rate achievable with germanium SPAD's.1 9 Figure  10 shows the dependence on temperature of the dark-counting rate of a F-APD in the self-quenching regime. 2 ' The measurements were performed with one of the device's contacts connected to the voltage source through a 10-kfl resistor and the other connected to a 1-kfl resistor, which was employed to measure the avalanche current flowing through the device. The bias was adjusted to have a reverse current of 40 A. At this low current value, it is likely that the few carriers in the high-field region of the junction fail to undergo impact ionization because of statistical fluctuations of the multiplication process, thus the avalanche current is quenched. At 40 tiA the avalanche lasts approximately 1 tis after it is triggered. Therefore, even if the APD is held at a dc-reverse bias, the avalanche current is not constant; instead it is a random sequence of rectangular pulses, like those shown in Fig. 4 , with an amplitude of 40 A and a duration of approximately 1 is. These pulses are triggered by carriers generated in the junction-depletion layer. We obtained the measurements illustrated in Fig. 10 by counting the rates of these rectangular pulses at different temperatures and adjusting the bias to keep the reverse current at 40 iA.
The advantage of this type of measurement is that the total charge flowing through the junction during each avalanche pulse is so low (only 40 pC) that carrier-trapping phenomena are negligible. It follows that the temperature dependence of the measured dark-counting rate (Fig. 10) is not due to afterpulses, but only to carriers that have been thermally generated or emitted by tunneling processes. The results show that the temperature is lowered from an initial point at 140 K, the darkcounting rate at first decreases steeply because of the strong reduction of the thermal generation, and then below 77 K the temperature dependence becomes weaker as the tunneling processes begin to dominate. The experimental curve is in good agreement with both previous measurements and theoretical estimates by 0. Groezinger and W. Haecker1 9 on germanium microplasms. From a practical standpoint these results suggest that we can accomplish no significant reduction of the dark-counting rate by further cooling the detector to below 77 K. On the contrary, because the emission lifetime of carriers from trapping levels exponentially increases with a decreasing temperature, a stronger afterpulse effect is expected to impair the NEP achievable with germanium SPAD's operated at lower temperatures. We also performed measurements of the darkcounting rate with an experimental setup similar to that shown in Fig. 3 . The only difference was that the waveform generator provided a pair of square voltage pulses, each lasting 5 is, every 5 ms, that raised the APD bias 0.5 V above Vb. A laser diode synchronously emitted an optical pulse that triggered an avalanche 1 is before the end of the first voltage pulse. The bias was then lowered to 0.2 V below Vb for a hold-off time TH, until the second voltage pulse restored the APD bias to above Vb. In the window defined by the second voltage pulse, we measured the Figure 11 shows the typical dependence of the dark-counting rate of a F-APD on the hold-off time TH applied to the detector after each avalanche pulse. Note that nD steeply increases as TH is reduced below 25 s. Because only traps with an emission lifetime comparable to TH or longer can significantly contribute to the dark-counting enhancement, we conclude that in these samples most of the trapping levels have lifetimes shorter than 25 s at 77 K. Similar results were obtained with the J-APD's.
When the detector is employed for counting photons in free-running operation, the external electronics sense the onset of the avalanche current, count the event, and quench the avalanche. After the hold-off time TH, the bias is restored to the operating level. Therefore, no photons can be detected within the time interval between the onset of the avalanche and the end of the hold-off time. The presence of this dead time Tdead causes count losses. In fact, if n is the measured rate, the actual rate n, can be estimated (10) We obtain the above formula by taking into account that, in one second, the live time during which the detector is actually able to be triggered, is only IncTdead. In principle, if the dead time is known precisely, the correction given by Eq. (10) can be adopted to estimate n,. However, when the counting rate n rises above 1/2Tdead, the correction factor becomes strong and steeply increasing. In this case, the statistical fluctuations of the estimate n are much larger than that of the measured rate n,. To estimate n, with a given accuracy requires that this effect be properly taken into account when the measurement time is set. Furthermore, uncertainties in Tdead lead to increasing errors in the estimate. By the adoption of a 25-tis dead time, which is the time needed to avoid most of the afterpulses, the dynamic counting range of the detector is limited to approximately 20,000 pulses/s. A wider dynamic range can be achieved by a reduction in the dead time, but this is accomplished at the expense of a higher darkcounting rate.
Because what matters in the applications is the achievable sensitivity, we performed other measurements, aiming to assess more quantitatively the contribution of the afterpulses to the dark-counting rate and, more precisely, the dependence of the dark-counting rate on the total charge in each avalanche pulse. The larger is the charge flowing through the device, the higher is the number of carriers trapped and the more recurrent are the afterpulses. The experimental setup was similar to the one described above for the measurement of the dark-counting rate reported in Fig. 11 . The only difference was that, by properly adjusting the external delays, we shifted the time interval to between the laser shot that triggers the detector and the end of the first voltage pulse. In the time window defined by the second voltage pulse, the measurements of the dark-counting rate were performed with the time-topulse-height converter and the multichannel analyzer. The hold-off time between the two voltage pulses was kept constant at 10 tis, because this interval is short enough respect to the emission lifetime of the trapping centers, but it is long enough to neglect the effect on the measurement of the thermal transient caused by the first avalanche pulse. Between each pair of voltage pulses, the detector was held off for 10 ms, thus permitting the complete release of the captured carriers. Figure 12 shows the experimental results obtained with a F-APD. The curve agrees with a simple model of the carrier-trapping dynamics. In fact, if one assumes the presence of trapping centers with an average cross section orc, the fraction of them filled by carriers at the end of each avalanche pulse follows the relationship f(Q) = 1 exp(-a½) = 1 -exp( --c), (11) where I is the avalanche current, TON is the avalanche pulse duration, and Q is the total charge per pulse flowing through the junction. The contribution to the dark-counting rate that is attributable to the afterpulses is proportional to the number of filled traps and, therefore, follows the same dependence. The assumption of just a single trapping center is usually an oversimplification. More accurate mea- surements should be performed to carefully identify the abundance, the lifetime, and the activation energy of each species.1 5 Indeed, to be more precise, Eq. (11) should be written with the consideration that, in each section of the junction-depletion layer, the density of free holes and electrons is not constant: It changes by moving from the p+ side (where there are no electrons) to the n side (where there are no holes). However, for our present purposes it is not necessary to be so detailed, because our aim is to give practical suggestions for minimizing the dark counts of currently available devices. The experimental results reported in Fig. 12 show that, for an avalanche charge larger than 1.6 nC, all traps are completely filled and the afterpulsing rate is the maximum. Instead the limiting value of the darkcounting rate for Q -0 is the counting rate that is due to only band-to-band tunneling at an excess bias of 0.5 V. As a rule of thumb, we can say that in the tested devices the afterpulses do not significantly increase the detector-counting rate provided that the effective charge flowing per avalanche pulse does not exceed 100 pC. Similar results were obtained with the J-APD's. However, care must be taken to manage the previous quantitative rule correctly. In fact, the results shown in Fig. 12 give the fraction of trapping centers that are populated after each avalanche, provided that all the traps are completely empty at the beginning of the current pulse. If the signal dynamics (see comments pertaining to Eq. 10) in free-running photon-counting measurements is to be increased, the hold-off time imposed on the detector is instead minimized and the counting rate is easily several tens of kilohertz. It follows that, corresponding to a counting rate n,, the number of trapped carriers reaches a steady-state value set by the balance between carrier capture during each avalanche and carrier release during the average time 1/n. between subsequent pulses. If v is the carrier-emission life-time (T < 25 tis in the tested devices), solving the balance rate equations for the capture and the emission transients easily shows that we can obtain the steady-state fraction of trapping centers populated by carriers from Fig. 12 by reading the value that corresponds not to the charge of the avalanche pulse, but instead to an effective charge approximately given by 1\ exp -nT Qeff Q 1 (12) 1 -expEquation (12) holds well when the population of filled centers is almost proportional to the flowing charge. For example, if the steady-state counting rate is 100 kHz, the carrier-emission lifetime T is 25 tis and the charge flowing per pulse is Q = 40 pC, then the fraction of trapping centers filled by carriers can be estimated from Fig. 12 in correspondence to an effective-charge value of 81 pC. This gives a steadystate-populated trapping-center fraction of only 13%.
In summary, the NEP of a single-photon detector is proportional to the square root of the dark-counting rate. Afterpulses caused by carrier trapping in the high-field region of the junction enhance the darkcounting rate and impair the sensitivity achievable with commercially available germanium APD's. These trapping effects are stronger in germanium than in silicon devices, because the density of trapping centers is large (between 10-14 and 10-13 cm-3 ), and their emission lifetime is several tens of microseconds because of the low operating temperature. Suitable gettering processes should be adopted during device fabrication to further reduce the density of metallic contaminants and other impurities that act as trapping levels and carrier-generation centers. From the standpoint of device operation, the afterpulses can be minimized only by the adoption of suitable driving electronics, which should be able to (1) remotely drive the SPAD in the cryostat; (2) quench the current as soon as the avalanche is triggered and thus keep the effective charge flowing through the junction below 100 pC per avalanche pulse, and (3) hold off the SPAD for a well-controlled time and thus make possible the reduction of the afterpulses and the correction of the measured counting rate according to Eq. (10).
Photon Counting
In all the measurements discussed above, the APD was gated by an external pulse generator and triggered by a synchronously emitted laser pulse. Even if this setup is the simplest arrangement for testing purposes, it cannot be directly employed in the detection of quasi-continuous optical signals. In fact, in such applications the APD must work in a freerunning state, without any synchronism with the optical source, only counting the number of photons detected in the measurement time. Therefore, the circuit driving the diode should perform the following operations: (1) sense the onset of the avalanche current, (2) generate an output pulse, synchronous with the avalanche, (3) drop the bias voltage of the diode as swiftly as possible below Vb (therefore, it must have a low-impedance output driver that can efficiently drive the capacitance of the APD and of the connections), and finally (4) restore the initial bias after a well-controlled hold-off time, so that the diode is again ready to detect another photon.
In early studies on Geiger-mode APD's, the bias arrangement used for the device operation was the so-called passive-quenching circuit. 4 "1 4 This circuit employs a high-load resistor (in the 100-kfl range) to drop the diode voltage down near Vb after each avalanche is triggered, thus quenching the avalanche. The voltage across the diode is then slowly restored to the bias voltage, because the diode capacitance is recharged by the small current flowing through the high-value resistor. The voltage recovery takes at least some microseconds. A photon can arrive during the recovery from a previous avalanche pulse and trigger the avalanche when the APD voltage is at some intermediate level between the breakdown voltage and the correct bias voltage. This has a detrimental effect on the detector performance. In fact, if the avalanche is triggered at a lower excess-bias voltage, the current pulse has a smaller amplitude and, depending on the threshold level of the pulse discriminator, this event may not be counted. In this latter case, because the voltage across the diode drops again to near Vb, the voltage recovery from the last counted pulse is delayed; thus its hold-off time is extended. Moreover, after each avalanche pulse, the photondetection probability changes from practically nil to a steady-state value. Therefore, when operated with a passive-quenching circuit, the detector can be paralyzed (the dead time is not constant), and it has a time-dependent sensitivity during the long voltage recovery. Moreover the precise value of the dead time also depends on the height of the threshold level and the amplitude of the detector current pulse, which is not stable because of changes in the Vb value that are induced by thermal effects and trapping. For all these reasons, when the SPAD is operated with a passive-quenching circuit, Eq. (10) cannot be properly adopted to correct for the count losses, and accurate photon-counting measurements can be performed only when the avalanche pulse rate is so low (a few kiloherz) that the probability for an avalanche to be triggered during the recovery time of a previous avalanche is negligible. Note that the rate limitation applies to the total rate of pulses, that is, to the sum of the dark-counting rate of the APD plus the detected photon rate and unwanted background light.
Therefore, in the early stage of SPAD's development when it became clear that dedicated circuits were necessary to fully exploit the device performance, active-quenching circuits (AQC's) were conceived and developed in our laboratory 2 2 -25 and by other groups. 2 6 27 Various problems are met in the attempt to obtain correct AQC operation. One peculiar problem is caused by the large amplitude difference between the avalanche pulse generated by the SPAD and the much larger quenching pulses that are applied to it and reflected back at the circuit input. The AQC should be sensitive to avalanche pulses of less than 1 mA ( < 50 mV over 50 fl), while quenching pulses have amplitudes of several volts (up to 40 V in our circuits). Unless special precautions are taken in the circuit design, the AQC can be retriggered by the quenching pulse and be either latched in the triggered state or broken into a self-sustaining oscillation. The circuit must usually fulfill two other requirements: (1) the dead time must have an accurately controlled duration, and (2) the SPAD must be operated with cryogenic cooling, therefore remote from the AQC.
The circuit design, which is covered by international patents, 2 5 is described here with reference to the simplified circuit diagram shown in Fig. 13 . Thanks to the high degree of symmetry of the circuit, the fast comparator can have a low threshold level, which is required to sense the avalanche pulse, and at the same time be insensitive to the quenching pulse so as to avoid spurious retriggering. The avalanche pulse is applied asymmetrically (only to the noninverting terminal of the comparator): it is therefore a differential-mode signal that triggers the comparator. The quenching-voltage pulse is symmetrically applied to both input terminals of the comparator, so that it is a common mode signal and does not trigger the comparator. To avoid the comparator's being retriggered, one should also maintain the symmetry during voltage transients, which include reflections, overshoots, or ringing caused by the loads connected to each circuit input. It is therefore necessary to connect a passive load to the inverting input of the AQC to match the APD, which is connected to the other input. This normally means a simple capacitor C, with a value equal to that of the APD (a trimmer capacitor of a few picofermi is normally employed). Care must be taken to preserve the symmetry through connection of the Ge-APD and the matched load with coaxial cables CC1 and CC2 of the same length. The cables are terminated at the circuit inputs through the resistors Rol and R 02 . The avalanche signal flows through the diode DI and the common-base transistor Ti to reach the comparator input. The role of Ti is twofold: First it establishes a low-impedance input. Second it amplifies the voltage signal fed to the comparator, which is important to minimize the intrinsic time jitter of the circuit that is caused by its electronic noise. In stationary conditions, diode Dl and D2 are conducting, diodes D3 and D4 are off.
When an avalanche starts, the current is sensed by the comparator, whose output state changes. This signal triggers a monostable multivibrator M that accurately sets the duration of the hold-off time.
The amplitude of the quenching signal is set by a suitable voltage-driver stage DR1/DR2. When the quenching-voltage pulse is applied by DR1/DR2, D3 and D4 turn on, the diode conducts, and the quenching pulse reaches the photodiode. At the same time the diodes Dl and D2 are driven to a reverse-bias condition and prevent the high-voltage pulse (up to 40 V) from reaching T1 and T2. If the diodes D1 and D2 were not present, the entire quenching pulse would be applied to the base-emitter junction of T1 and T2, causing them to break down. The AQC output pulse is derived from the comparator through an output stage OS.
Note that when the SPAD is remotely operated the time from the avalanche onset to its quenching is at least twice the transit time along the connecting cables (i.e., 10 ns/m of coaxial cable). Therefore, remote operation somewhat conflicts with the requirement of minimization of the charge flowing through the junction during each avalanche pulse. In our measurements the APD was in the cryostat, which was connected to the AQC with a 1-m-long coaxial cable. When triggered, the avalanche current flows for 30 ns before it is quenched.
We have already pointed out that the traps responsible for afterpulses are located in the high-field region of the junction-depletion layer. Because the electric field can lower the potential well of the deep levels, 2 8 it is likely that the afterpulses that contribute to the dark-counting rate depend on the bias of the APD during the hold-off time. More precisely, if the avalanche is quenched by the bias's being lowered to just below Vb, the electric field at the junction remains close to the breakdown value, which thus reduces the carrier-emission lifetime. Figure 14 shows the dark-counting rate of a F-APD in freerunning operation with an AQC versus the excess bias voltage above Vb. We obtained these results by Figure 15 shows the results obtained with a F-APD 99% Vb that was biased 0.2 V above Vb, with a hold-off time of
Vb /3 tis. The charge flowing through the junction at each avalanche pulse was approximately 20 pC. In the first set of measurements the device was kept biased 50% below Vb during the hold-off time; in the second set of experiments a hold-off bias of 99% Vb 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 was adopted. In the first case, the afterpulse effect is strong, and even the dark-counting rate that was Excess Bias [VI measured in absence of an optical signal was larger )ark-counting rate of a F-APD, in free-running opera-(70 kHz) than it was in the second case (30 kHz).
in AQC, versus the excess-bias voltage. The hold-off
When the light intensity is increased the curves first steeply increase, while the other remains straight. This result confirms that the proper choice of detector operation, even with currently available devices, L hold-off time of 3 tis and by changing the makes it possible to obtain good detection linearity, I during the holdoff from 99% Vb (200 mV which in turn makes it possible to adopt conventional to 50% Vb. The dead-time correction given lock-in techniques to further improve the sensitivity (10) was performed before the data were of the photon-counting measurements. The dependence of the dark-counting rate On the basis of Eq. (9) and of the results shown in as during the hold-off time confirms that the Fig. 14 , we computed the dependence of the NEP at s electric field actually affects the trap poten-1.3 m on the excess bias for a F-APD at 77 K. The ier and, what it is very important, we can photon-detection efficiency q is the product of the nitly reduce the dark-counting rate just by detector quantum efficiency (i.e., the probability that ig the avalanche through lowering the bias a photon will generate a carrier collected by the below Vb. As a further quantitative check, junction) and the avalanche-triggering probability, measurements of the dark-counting rate in i.e., the probability that the photogenerated carrier way as those reported in Fig. 11 were taken, will trigger the avalanche. 2 9 To estimate X for the adopted a quenching bias of 50% Vb. The junction at 77 K, we used the absorption coefficients 'ntal curves were similar, but the estimated reported in Ref. 30 and computed the avalanchecarrier-emission lifetime increased from the 25 is shown Fig. 11 to 200 S. 12 Last but not least, let us discuss another drawback that caused by afterpulses in photon-counting measurements and is sometimes overlooked. During the measurement time T the number of pulses to be counted is T(ns + nD'), where nD' is the detector dark-counting rate caused by thermal carrier generation, tunneling, and afterpulses in presence of the photon signal. To obtain the signal rate, one may think to measure the dark-counting rate nD separately when the detector is in the dark and then to subtract nDT from that result. This is strictly correct only if the APD dark-counting rate does not depend on the signal level, that is nD' = nD. However, when the traps are not completely filled (Qeff < 1.6 nC in Fig. 12 ) the afterpulsing rate strongly depends on the actual avalanche rate and, therefore, on the signal level. This effect causes a nonlinear dependence of the counting rate on the signal level and impairs any attempts to improve the detection sensitivity through adoption of digital lock-in filtering. From an experimental standpoint it is very important to avoid this drawback through careful choice of the These results show that the main advantage of the analog detection is the large sensitive area of the detector. If the adoption of a smaller detector can be afforded, a slightly better sensitivity can be achieved by operation of the photodiode in Geiger mode. However, the actual improvement is less than that expected in principle, on the basis of the arguments discussed at the end of Section 2. In fact, the peculiar operation of SPAD's makes the detector more sensitive to trapping effects than are p-i-n photodiodes, and even if traps were completely re- moved, the tunneling currents, which essentially are due to the high electric fields typical in avalanche photodiodes, would limit the NEP of a commercially available F-APD to 4 x 10-16 W/Hz1/ 2 . This value is only one order of magnitude less than that of a 4.5-mm-diameter p-i-n detector, but it occurs at the expense of a 2.2 x 104 reduction of the sensitive area. However, because the tunneling processes are exponentially dependent on the maximum electric field, a decrease of the ultimate NEP value may be achieved if germanium photodiodes are designed with a lower breakdown electric field, i.e., with higher Vb values. We look forward to the design and fabrication of such detectors. Finally, we believe that it is worth stressing again that the sensitivities of conventional analog receivers and photon-counting detectors are close only in the detection of quasi-continuous signals.
As soon as the signal frequency exceeds a few tens of kiloherz, the NEP of analog receivers steeply increases (Fig. 2) , while the photon-counting approach makes it possible to work with the same lowfrequency NEP up to the limit of the detector's timing-equivalent bandwidth. The next section is devoted to this issue.
Timing Performance
In the measurement of fast optical signals, the germanium SPAD can be operated under the control of a gate command, synchronous with the emission of the light pulse. Typical applications could be laser ranging in which a high quantum efficiency at the 1. What mainly matters in timing applications is the time resolution of the detector, that is the ultimate precision achievable in the measurement of the photon arrival time. It is well known that an increase in the excess bias of a SPAD improves the time resolution,' 3 but this occurs at the expense of a higher dark-counting rate. In practice, a reasonable tradeoff between sensitivity (i.e., the NEP) and time resolution (i.e., the timing-equivalent bandwidth) must be found.
We tested the timing performance of the selected devices in a conventional photon-counting setup (Fig.  17) . The external pulse enabled both the AQC and SPAD operation and triggered a laser diode, which emitted a light pulse at 1.3 im, with a 60-ps FWHM duration that was synchronized to the rise of the APD bias above Vb [ Fig. 17(b) ]. The gating waveform provided by the external generator could be changed both in the duty cycle and in frequency. Note that, because of the adoption of the AQC, every time the APD was triggered, the avalanche current lasted for only 30 ns. The AQC then quenched the avalanche by lowering the bias to 0.2 V below Vb(99% Vb). The hold-off time was always chosen so that the APD recovered its operating bias only when gated ON again by the external generator. A time-to-pulse-height converter measured the time delay between the emission of the optical pulse and the detection of the photon. A histogram of the measurements was collected with a multichannel analyzer. Figure 18 shows the dependence of the time resolution of the tested samples on the excess-bias voltage. For each sample, the measurements were performed up to the excess bias at which the dark-counting rate reached 1 MHz. For excess bias up to 1.4 V, the devices showed comparable performance.
Above 1.4 V, the dark-counting rate of the large area J-APD was so high that the detector was almost immediately triggered (at the leading edge of the bias-voltage waveform) before the arrival of the laser photon. With the F-APD's it was possible to work with up to 3 V of excess bias, which was the best timing performance we achieved. Figure 19 shows the measurement of the laser pulse taken with a F-APD operated at 3 V above Vb.
The histogram has a 105-ps FWHM. The optical pulse has a second peak because of a ringing of the current pulse that drives the gain-switched laser diode. By quadratic subtraction of the 60-ps width of the laser pulse, we obtain a detector response time of 85-ps FWHM, which corresponds to a timingequivalent bandwidth of 1.8 GHz. To the best of our knowledge, this is the best value obtained with nearinfrared single-photon detectors.
Let us now go back to the achievable sensitivity. In photon timing the noise in the measurement of the optical waveform is given by the Poissonian fluctuations of the number of events (caused by both signal photons and dark counts) that are collected within each channel of the histogram. Therefore, if ns(t) is the photon rate that corresponds to the intensity of the optical signal at the time t and if nD is the dark-counting rate, the signal-to-noise ratio is given by S nsNw N [(nD + ns)Nw]i/2 (13) where N is the number of pulse repetitions employed in the measurement and w is the histogram channel 
_1 \Nw_ =2w~2
.0 x 10-15 (14) which coincides with Eq. (9). However, we have already seen that the dark-counting rate depends on the effective charge flowing through the junction during the measurement and, therefore, on the average time interval between two avalanche pulses. For example, let us assume we are using OTDR to measure the photons backscattered from a section of optical fiber 100 m long that is located 20 km away from the fiber input. In the usual experimental setup, a pulsed laser launches an optical pulse in the fiber and the single-photon detector is synchronously gated ON In each measurement time window, the APD detects only the arrival time of the first backscattered photon that triggers an avalanche. Therefore, strictly speaking, the collected histogram does not represent the backscattering probability of a photon in the fiber section, but only that of the first photon. This effect is met in any time-correlated singlephoton counting measurement, 3 and it is well known that, if the probability of the detection of an event (caused by either a photon or a dark count) is below 5% within the measurement time window, the distortion of the measured shape is practically negligible. However, if data-correction procedures can be adopted, 3 a higher triggering probability can be accepted to reduce the measurement time. For instance, as concerns OTDR measurements, it can be shown that the signal-to-noise ratio at the fiber end is maximized if the probability of the detection of a backscattered photon attains 63% for each laser pulse. 3 5 However a practical question arises: What is the dependence of the dark-counting rate on the avalanche-triggering probability within the measurement window? OR in other terms, what is the trade-off between the measurement time and the achievable sensitivity? In the general case, a rigorous answer is difficult, but following the argument of the effective charge [Eq. (12) ], the rule of thumb is that the dark-counting rate depends on the average avalanche rate, that is, on the average time interval between subsequent avalanche pulses. In gated measurements, this effective period is given by the gating period (200 tis in the OTDR example) divided by the avalanche-triggering probability in each measurement time window (e.g., 5%). For instance, the level of dark-counting rate suffered when working at 10 kHz with a 5% avalanche-triggering probability is expected to be close to that experienced at 800 Hz with a 63% avalanche-triggering probability. Figure 20 illustrates this trade-off between time resolution and NEP with the use of F-APD's in some experimental conditions. The NEP is estimated according to Eq. (14) with the measured value of the dark-counting rate. In the measurements we employed the AQC, which quenches the avalanche current 30 ns after it is triggered. At a 1-kHz gaterepetition rate and a 5% triggering probability the best timing performance (85-ps FWHM) is achieved with a NEP of 8 x 10-16 W/Hz'/ 2 , which is practically coincident with the low-frequency value (Fig. 16 ). An increase in the gating frequency or the avalanchetriggering probability or both causes the NEP values to increase, as expected. It is worth noting, however, that even in free-running operation, with an hold-off time of 3 tis after each avalanche pulse, the F-APD's achieve a time resolution of 100-ps FWHM (which corresponds to a 2-cm spatial resolution in OTDR reflectometers) with a NEP worsening of less than a factor of 2.
Conclusions
We have carried out extensive measurements on commercially available germanium APD's at 77 K to assess their performance as single-photon detectors in the near-infrared wavelength range. In this paper we have given guidelines for using a simple experimental setup to carry out the selection of APD's that are suitable for photon counting. We have then shown that, in currently available germanium devices, afterpulses caused by carrier trapping in the high-field region of the junction enhance the dark-counting rate and impair the achievable sensitivity. These trapping effects are stronger than in silicon SPAD's because the density of trapping centers is larger and their emission lifetime is several tens of microseconds because of the low-temperature operation. Afterpulses can be minimized if the detector is driven so that (1) the effective charge flowing through the junction is kept below 100 pC, and (2) the avalanche is quenched through the APD's being driven only slightly below Vb. Moreover, to perform accurate counting measurements, the driving circuit must enforce a well-controlled hold-off time. We have, therefore, introduced an active-quenching circuit designed to drive a remote detector located in a cryostat.
On the basis of the experimental results, we have compared the NEP achievable with germanium APD's in photon counting with that of analog detection systems that employ amplified p-i-n germanium photodiodes. Our results highlight that, in the detection of quasi-continuous optical signals, there is not a big advantage to the adoption of a photon-counting solution, because the dark-counting rate from trapping effects limits the NEP achievable with smallarea (30-tim diameter) commercially available Fujitsu APD's to 7.5 x 10-16 W/Hz/ 2 . Further technological efforts are required to reduce the density of trapping levels and generation centers in the APD junction. However, as the signal frequency exceeds a few tens of kiloherz, the NEP of the analog receivers steeply increases, while the photon-counting approach makes it possible to work up to the limit of the detector's timing-equivalent bandwidth with the same NEP as at low frequency. We have demonstrated that germanium APD's can easily achieve subnanosecond photon timing. With small-area detectors, it is possible to work up to 3 V above Vb, thus a time resolution of better than 100-ps FWHM can be achieved.
